The idea of a unified model for quasars and µ-quasars has been considered for a long time, despite the different environments and physical conditions where both classes of objects reside. Here we show the existence of a simple scaling law, relating the maximum size of a jet to the properties of the gas medium into which it expands. This is found to be valid for all types of hydrodynamical jets, and hence provides a broad unified model. The essential physical ingredients that generate jets and their external conditions combine in such a way that the maximum extent of jets at different scales is a natural consequence.
INTRODUCTION
When astrophysical jets are formed, they begin to expand through their surrounding medium. A jet is capable of this expansion because the outflow generates a ram pressure capable of elongating it. In the head of a particular jet, the kinetic energy of the particles is thermalized through a shock wave or hot spot. After a particular fluid particle crosses the hot spot, it is recycled back to the neighbourhood of the jet itself. This generates a cavity or cocoon that, together with the jet, expands through the environment. This standard picture for the expansion of an extragalactic (hydrodynamical) radio jet was first proposed by Scheuer (1974) .
Today, we know that jets are not only associated with quasars, but that they occur at many astrophysical scales. Some jets are observed in recently formed star systems. These are associated with Herbig-Haro objects and are commonly named Herbig-Haro jets (Reipurth & Bally 2001) . Jets can also form in galactic binary systems (Mirabel & Rodriguez 1994) . They are so similar to their quasar extragalactic counterparts that they were termed µ-quasar jets. Finally, energetic requirements and observations have led recently to the idea idea that jets are present in cosmological γ-ray bursts observed in distant galaxies (Mészáros 2002) .
Apart from a difference of 6−7 orders of magnitude covered by the maximum size of jets, their kinetic power output varies depending on the nature of the jet itself. Observations show that some extragalactic, and all Herbig-Haro jets, expand at non-relativistic velocities. On the other hand the fluid particles inside quasar, µ-quasar and γ-ray burst jets ⋆ E-mail: sergio@astroscu.unam.mx expand at relativistic velocities. Scheuer (1974) 's simple hydrodynamical model has been used as the basic model for all kind of jets that we observe in the universe Using dimensional analysis arguments, we show in this Letter that there is a simple way to relate the characteristic size of an astrophysical jet with the properties of its surrounding environment. The result is valid both for lowvelocity jets in the Newtonian regime and for highly relativistic outflows such as those found in gamma ray bursts.
CLASSICAL HYDRODYNAMICAL JETS
Let us first consider a non-relativistic jet, for example an AGN or a Herbig-Haro object jet, that has a characteristic length r. The physical processes that determine the dynamics of the expansion of the jet are complicated (Blandford 1990; Begelman et al. 1984) . For the sake of simplicity, suppose that we do not include magnetic fields on the description of the jet's dynamics and consider a purely hydrodynamical jet. As mentioned by Mendoza & Longair (2001) , the problem is thus characterised by a limited number of quantities. The gravity of the cloud is taken into account by introducing Newton's gravitational constant G, and the physical properties of the cloud are determined by its density ρ. Finally, since the expanding jet is roughly in pressure equilibrium with the surrounding cloud, the jet is only characterised by its bulk velocity v.
Under these circumstances, the four fundamental quantities (r, G, ρ, and v) determine the dynamical behaviour of the expanding jet in the cloud. For any mechanical problem there are only three independent dimensions, namely the dimension of time t, length l, and mass m. Buckingham's theorem of dimensional analysis (Sedov 1993 ) thus demands the existence of a unique non-dimensional parameter Λ that will fully determine the solution of the problem. This parameter is given by (Mendoza & Longair 2001) 
where M = v/a is the ratio of the jet velocity to the sound speed a in the cloud. These authors showed that the dimensionless parameter Λ had the same value for jets formed in giant molecular clouds and for the gaseous haloes of clusters of galaxies. This hints at an underlying mechanism that makes jets look the same at such different scales.
Since it is quite natural to use the length of the jet r as a characteristic length for the problem, let us consider that r represents the maximum length that a specific class of jets can have. This maximum length is constrained by observations.
Since the maximum length that a Herbig-Haro jet can have is r ≈ 1 pc (Reipurth & Bally 2001 ) and the surrounding medium where those jets expand are cold molecular clouds for which nH ∼ 10 2 cm −3 , and T ∼ 10 K (Spitzer 1998; Hartmann 1998 ), then
The largest extragalactic jets have typical lengths r ≈ 2Mpc (Ferrari 1998) and their surrounding environment is such that nH ≈ 10 −4 cm −3 , and T ≈ 2×10 7 K (Longair 1992 (Longair , 1998 . With these values, the parameter Λ ≈ 10 −2 /M 2 , exactly as in Eq. 2 evaluated for Herbig-Haro jets. So the fact that the numerical value of Λ is the same for HerbigHaro jets and for non-relativistic extragalactic jets appears to capture the basic physics of hydrodynamical jets.
PHYSICAL INTERPRETATION
As noted by Mendoza & Longair (2001) the parameter Λ can also be written as
where M(r) is the mass within a sphere of radius r. The right hand side of Eq. (3) is roughly the ratio of the gravitational potential energy from the cloud acting on a fluid element of the jet, to its kinetic energy at position r. If a particular jet is such that Λ ≫ 1, then the gravity of the cloud acting on the jet is so strong that the jet cannot expand away from the central engine that is producing it. On the other hand, when Λ ≪ 1 the jet can freely expand away from the progenitor source, drilling a hole through the parent cloud. So, it seems that typical jets in astrophysics are observed because there is a proporcionality between the kinetic energy of the jet pushing outwards and the gravitational energy of the cloud pulling inwards. The exact value for which this occurs is obtained by equating Eq. (3) with Eq. (2), that is
Let us now rewrite Eq. (1) as
where λJ ≈ a/ √ Gρ is the cloud's Jeans length. Comparing Eq. (5) with Eq. (2) we find that for the typical values for stellar and galactic jets discussed above, λJ ≈ 10 r.
Seen in this form, it appears simply that jets can grow inside gaseous clouds, up to the point where they can no longer do so, i.e. when the self gravity of the cloud limits further growth. The numerical factor of 10 that appears in Eq. (6) can be thought of as a form factor for the problem. Extragalactic jets can be much smaller than 2 Mpc. In the scenario presented here, such objects are understood as transient, being in the process of initial expansion. They will continue to grow until they reach the limit given by Eq. (6) provided the central engine remains active long enough. That no jets larger than this limit have been found, and the otherwise extraordinary coincidence of Eq. (6) at stellar and extragalactic scales strongly suggest that the physics behind these objects is the same.
RELATIVISTIC JETS-GENERALISING FURTHER
When a fully relativistic jet is introduced in the discussion, the dimensional analysis is slightly more complex. This is because the speed of light c has to be introduced as a fundamental parameter. Nevertheless, the quantity M has to be given by the ratio of the proper velocity of the jet γv to the proper velocity of sound γa in the medium (Chiu 1973; Mendoza & Longair 2002) ,
where γ = 1 − v 2 /c 2 −1/2 and γa = 1 − a 2 /c 2 −1/2 represent the Lorentz factors of the jet material and the sound speed respectively. Since all quantities, except the quantity M , that appear in Eq. (1) are measured in the proper frame of the gas, and because the sound speed of the gas in the cloud is non-relativistic, it is clear that the dimensionless parameter Λ given by Eq. (1) also has the same form in the relativistic case. The only difference is that the number M is now defined by Eq. (7). Following the same procedure as before, it follows that Eq. (5) should be valid in this situation as well.
For the case of relativistic extragalactic jets, i.e. quasar jets, that expand inside clouds similar to their nonrelativistic counterparts, it follows that Λ ∼ 10 −2 /M 2 , so for this particular case Eq. (6) is also valid.
We can now repeat the calculations for the case of µ-quasars to test the generality of the result. The µ-quasar with the largest known jet is SS 433. This system is embedded in the nebula of a shell-type supernova remnant. If we adopt a temperature T ∼ 10 4 K and a density n ∼ 10 cm −3 , typical of shell type supernova remnants (Longair 1992) , then the parameter Λ ∼ 10 −2 /M 2 if r ∼ 10 2 pc. The observed length of the jet associated with SS 433 is 60 pc (Safi-Harb &Ögelman 1997; Brinkmann et al. 1996) . However, the jet is still expanding (Safi-Harb &Ögelman 1997) and what this analysis shows is that if it continues to do so, its length will not exceed 100 pc.
On the other hand, most µ-quasars show jets with typical lengths r ≈ 1pc (see Corbel et al. 2002 , and references therein). These objects are expanding on regions with densities of the order of 1 cm −3 , canonical for the interstellar medium. Using Eq. (2) this means that the temperature of the surrounding medium should have values ∼ 0.1 K. This value, being clearly too low, suggests that the only possibility is that the central engine is not powerful enough to eject material to its maximum possible extent, or that the jets in these objects are still growing.
As a final application in the extreme, consider cosmological gamma ray bursts, GRBs (Fishman & Meegan 1995; Mészáros 2002) . The relevant parameters are less well known than for the previous examples, but a comparison is nevertheless possible. These events typically release 10 51 erg in a highly relativistic outflow, with Lorentz factors γ ≈ 100 − 1000, in a few seconds. The long variety, for which X-ray, optical and radio counterparts have been observed (van Paradijs et al. 2000) , is probably related to the collapse of massive stars (Woosley 1993; Stanek & et al. 2003; Hjorth & et al. 2003) . The outflow itself is apparently highly collimated in many cases, manifesting itself as a relativistic jet, and the physical size of the source has actually been measured through radio scintillation, and is typically r ≃ 10 −2 −1 pc (Frail et al. 1997 (Frail et al. , 2000 . If the progenitors of GRBs are massive stars, it is reasonable to assume that they will be found in star-forming regions within the ISM. The density of the circumburst environment has also been determined from broadband observations in several cases, and ranges from 0.1 cm −3 to 100 cm −3 , with a canonical value of 10 cm −3 (Panaitescu & Kumar 2002) . With a reasonable temperature estimate of 10 K, we see that Eq. (2) is roughly satisfied as well (albeit to a lower accuracy than in the previous cases).
DISCUSSION
It seems that typical astrophysical jets at all scales obey the same physical laws, regardless of their surrounding environment or the nature of the jet itself. It is remarkable that a class of objects where the physics is super relativistic and where the overall phenomena have a duration of milliseconds, over 15 orders of magnitude below that of large radio galaxies, appear to satisfy (or at any rate not to deviate significantly from) the predictions of Eq. (6).
The idea of unification of jets at all physical scales that expand in very different environments has of course been considered before. Much work has been made regarding the mechanism by which jets are produced, from µ-quasar to AGN, with the magnetic field usually playing an important role ( . Using the observed time variability, the scaling is in terms of the mass of the central object, be it a black hole or a young star (e.g. Mirabel & Rodriguez (1994) ). In this Letter we have Figure 1 . Hydrodynamical jets exist in nature because there is a basic equilibrium between the maximum length of the jet r and the Jeans length λ J of the surrounding medium given by λ J ∼ 10r. The plot shows this linear relationship for all known jets: gamma-ray burst (GRB) jets, Herbig-Haro (H-H) jets, µ-quasar (micro-qsr) jets and active galactic nuclei (AGN) jets. In our analysis the region below the curve appears as a forbidden region, with jets in the process of expansion or contraction lying above it. considered a unification scheme based on the interaction between the jet and its surroundings, described pictorially in Figure 1 . We have shown that purely hydrodynamical jets of characteristic sizes exist because there is a fundamental combination of physical quantities that limits their growth. Evidently, additional physical phenomena (e.g. magnetic fields) play a role in the formation and evolution of astrophysical jets, and should be considered in a more detailed description.
